Abstract
INTRODUCTION
Hepatocellular carcinoma (HCC) is the sixth most common cancer and the second most common cause of cancer-related deaths worldwide [1, 2] . In Japan, medical treatment policies for HCC are based on the consensus-based clinical practice guidelines for HCC management set by the Japan Society of Hepatology (JSH) [3] , which recommend that patients with HCC who cannot undergo liver resection, radiofrequency ablation, or transcatheter arterial chemoembolization (TACE) should be considered to receive molecularly targeted drugs including sorafenib [3] . Sorafenib is a small inhibitor of several tyrosine protein kinases, including vascular endothelial growth factor (VEGF) receptor, platelet derived growth factor (PDGF) receptor, and Raf family kinases [4] . Sorafenib was shown to significantly improve overall survival (OS) in patients with HCC [4] . It is important to predict response to sorafenib and prognosis of HCC patients treated with sorafenib to avoid ineffective treatments because sorafenib has various side effects including hand-foot syndrome.
A disintegrin-like and metalloproteinase with thrombospondin type-1 motifs 13 (ADAMTS13) is a metalloproteinase that specifically cleaves multimeric von Willebrand factor (VWF) between Tyr1605 and Met1606 residues in the A2 domain [5] [6] [7] [8] .
ADAMTS13 is produced exclusively in hepatic stellate cells adjacent to endothelial cells [9] . VWF is synthesized in vascular endothelial cells and released into plasma as unusually large VWF multimers [10] . In the presence of an imbalance between ADAMTS13 and VWF, VWF multimers are cleaved improperly, leading to their accumulation and induction of platelet thrombus formation under high-shear stress in microvessels [11] . We previously reported that the imbalance of ADAMTS13 and VWF was associated with the pathophysiology of liver cirrhosis (LC) and HCC [8, 12, 13] , suggesting that LC and HCC might be related to hypercoagulability [8, 12, 13] . Previous studies have reported that the imbalance of ADAMTS13 and VWF is associated with angiogenesis through VEGF [14] [15] [16] [17] , which in turn is associated with LC and HCC development [18] [19] [20] . In addition, the imbalance of ADAMTS13 and VWF might be associated with sorafenib treatment efficiency because VEGF is inhibited by sorafenib [4] . Furthermore, blood coagulation cascade was demonstrated to be related to cancer development [21, 22] , indicating that the imbalance of ADAMTS13 and VWF is associated with hypercoagulability as well as cancer development [23] . Recent studies have also reported that the imbalance between ADAMTS13 and VWF was associated with prognosis of various cancers in patients undergoing chemotherapy [24] . In the current study, we investigated the relationship between plasma ADAMTS13 and VWF levels in patients with HCC receiving sorafenib treatment and determined whether plasma ADAMTS13 and VWF levels were useful biomarkers for prediction of sorafenib response and prognosis of HCC in patients with HCC receiving sorafenib treatment.
MATERIALS AND METHODS

Patients
There were 44 patients with HCC who were initiated on sorafenib treatment from December 2012 to November 2017 at our hospital. After excluding three patients who discontinued sorafenib treatment in the first month, 41 patients were included in this study. The initial daily sorafenib dose was 400 mg in all patients, and sorafenib therapy are based on the JSH consensus-based clinical practice guidelines for the management of HCC [3] . All patients underwent dynamic computed tomographic scanning or dynamic magnetic resonance imaging before sorafenib treatment, at 1 mo after starting sorafenib treatment, and every 3 mo thereafter. Radiologic response to therapy was evaluated according to modified response evaluation criteria in solid tumors [25] . Tumor-node-metastasis (TNM) stage was evaluated according to the TNM classification of the Union for the International Cancer Control of malignant tumors. No patient had infection, uncontrolled ascites, uncontrolled hepatic encephalopathy, or uncontrolled gastroesophageal varices. This study was approved by the local ethics committee of Nara Medical University and performed in accordance with the ethical standards stated in the Declaration of Helsinki. Informed consent was obtained from all participants included in the study.
Determination of ADAMTS13 activity and VWF antigen levels
Blood samples were collected from all patients at the time of admission, during their hospital stay or during regular outpatient treatment within 1 mo before sorafenib treatment initiation. The samples were stored in plastic tubes containing 0.38% v/v sodium citrate. Platelet-poor plasma, which was prepared by centrifuging the samples at 3000 g at 4 °C for 15 min, was stored as aliquots at −80 °C until analysis. Plasma ADAMTS13 activity (ADAMTS13:AC) was determined by a sensitive chromogenic enzyme-linked immunosorbent assay (Kainos Laboratories, Tokyo, Japan) [26] . Mean normal ADAMTS13:AC level was 99% ± 22%. Plasma VWF antigen (VWF:Ag) was measured by sandwich enzyme-linked immunosorbent assay using a rabbit antihuman VWF polyclonal antiserum (Dako, Glostrup, Denmark). Mean normal VWF:Ag level was 102% ± 33% [27] .
Measurement of VEGF and VEGFR-2 levels
VEGF and VEGF receptor 2 (VEGFR-2) levels were determined by commercially available immunoassay kits (RayBiotech, United States, and R and D Systems, United States, respectively). The detection limits for VEGF and VEGFR-2 were 10 and 11.4 pg/mL, respectively.
Statistical analysis
Differences between groups were analyzed using the Mann-Whitney U-test, and correlations were calculated with Spearman's rank test. Categorical data were analyzed using Fisher's exact test. Univariate and multivariate analyses were per-formed for predictive and prognostic factors for sorafenib treatment in HCC. Logistic regression analysis with stepwise selection of variables was performed to determine independent predictive factors of sorafenib treatment for HCC, and the Cox proportional hazards regression analysis with stepwise selection of variables was conducted to determine independent prognostic factors of sorafenib treatment for HCC. Progression-free survival (PFS) and OS curves were calculated using the Kaplan-Meier method, and differences between groups were assessed using the logrank test. Data were expressed as medians with interquartile ranges. A two-tailed P value of less than 0.05 was considered statistically significant. Analyses were performed using EZR (Saitama Medical Center, Jichi Medical University), which is a graphical user interface for R (The R Foundation for Statistical Computing, version 2.13.0). Specifically, EZR is a modified version of R commander (version 1.6-3) that includes statistical functions that are frequently used in biostatistics [28] .
RESULTS
Clinical characteristics of the patients
The patient characteristics are shown in Table 1 . The median age of patients with HCC was 74.0 (69.0-81.0) years. The study population comprised 38 males and three females. Among these, 7, 20, 3, and 11 patients had hepatitis B virus, hepatitis C virus, non-alcoholic steatohepatitis, and alcohol abuse, respectively. The median maximum tumor size was 3.3 (2.5-7.7) cm. In this cohort, 3, 2, 1, and 33 patients had 1, 2, 3, and ≥ 4 tumors, respectively, whereas two patients had only distant metastases. Portal vein tumor thrombosis and distant metastasis were present in 7 and 17 patients, respectively. Serum levels of alpha-fetoprotein (AFP), des-γ-carboxy prothrombin (DCP), lens culinaris agglutinin-reactive fraction of AFP (AFP-L3%), VEGF, and VEGFR-2 were 121.8 (11.3-2611.0) ng/mL, 359.5 (58.0-5277.5) mAU/mL, 13.2 (1.7-42.4)%, 25.8 (14.1-40.1) pg/mL, and 6500 (5750-7400) pg/mL, respectively. DCP was directly correlated with VEGF (r = 0.503, P < 0.05). However, DCP was not correlated with VEGFR-2, and AFP or AFP-L3% was not correlated with VEGF or VEGFR-2. In the current study cohort, there were no differences in the characteristics of patients with stable disease (SD), partial response (PR), and complete response (CR) compared with those with progressive disease (PD), except the DCP levels and observation (survival) period.
Plasma ADAMTS13:AC and VWF:Ag level in patients with HCC receiving sorafenib treatment
ADAMTS13:AC level was significantly higher in patients with HCC who had SD, PR, and CR than those with PD (P < 0.05) ( Figure 1A ). In contrast, VWF:Ag and the VWF:Ag/ADAMTS13:AC ratio levels were significantly lower in those with SD, PR, and CR than those with PD (P < 0.05 for both) ( Figure 1B and C). ADAMTS13:AC level was directly correlated with albumin (r = 0.457, P < 0.05), and VWF:Ag and the VWF:Ag/ADAMTS13:AC ratio levels were directly correlated with total bilirubin(r = 0.329, P < 0.05 and r = 0.316, P < 0.05, respectively). In addition, the patients were categorized into two, according to the TNM stage (TNM stage 2 and 3 is 21 patients, and TNM stage 4 is 20 patients). The VWF:Ag/ADAMTS13:AC ratio levels was higher in patients with TNM stage 4 HCC than those with TNM stage 2 and 3 HCC (Figure 2 ).
Predictive factors for sorafenib response
ADAMTS13:AC and the VWF:Ag/ADAMTS13:AC ratio were associated with sorafenib response in univariate analysis (Table 2 ). To determine predictive factors for sorafenib response, we performed multivariate analysis using albumin, DCP, VEGF, maximum tumor size, distant metastasis, ADAMTS13:AC, VWF:Ag, and the VWF:Ag/ADAMTS13:AC ratio, which had P-values of < 0.2 in the univariate analysis. The VWF:Ag/ADAMTS13:AC ratio was significantly associated with sorafenib response in multivariate analysis ( Table 2 ). The receiver operating characteristic (ROC) analysis revealed that a cutoff VWF:Ag/ADAMTS13:AC ratio of 2.609 had a specificity of 84.2% and a sensitivity of 88.2%, and the area under the ROC curve (AUC) was 0.836 ( Figure 3 ). Next, the study patients were categorized into two groups according to the ROC cutoff VWF:Ag/ADAMTS13:AC ratio: Low (VWF:Ag/ADAMTS13:AC ratio < 2.609) and high (VWF:Ag/ADAMTS13:AC ratio ≥ 2.609). The patients with a high VWF:Ag/ADAMTS13:AC ratio had significantly higher VEGF levels than those with a low VWF:Ag/ADAMTS13:AC ratio ( Figure 4A ), indicating that the VWF:Ag/ADAMTS13:AC ratio might be associated with VEGF in patients with HCC. However, the patients with VEGFR-2, AFP, DCP and AFP-L3% levels were not different between the low and high VWF:Ag/ADAMTS13:AC ratio groups.
Prognostic factors for patients with HCC receiving sorafenib treatment
In univariate analysis, age, DCP, and ADAMTS13:AC were associated with prognosis in patients with HCC receiving sorafenib treatment (Table 3) . To determine prognostic factors in patients with HCC receiving sorafenib treatment, we performed multivariate analysis using age, sex, DCP, tumor number, ADAMTS13:AC, and the VWF:Ag/ADAMTS13:AC ratio, which had P-values < 0.2 in the univariate analysis. ADAMTS13:AC was associated significantly with prognosis in multivariate analysis (Table 3) . Therefore, the patients were categorized into two groups according to the median cutoff ADAMTS13:AC: Low (ADAMTS13:AC < 78.0) and high (ADAMTS13:AC ≥ 78.0). The patients with a high ADAMTS13:AC had significantly longer PFS and OS than those with a low ADAMTS13:AC ( Figure 5 ). The patients with a low ADAMTS13:AC had significantly higher VEGF levels than those with a high ADAMTS13:AC ( Figure 4B ). These results indicated that ADAMTS13:AC might be associated with VEGF in patients with HCC. However, the patients with VEGFR-2, AFP, DCP, and AFP-L3% levels were not different between the low and high ADAMTS13:AC groups.
DISCUSSION
The results of the present study suggest that the VWF:Ag/ADAMTS13:AC ratio and ADAMTS13:AC are potential biomarkers for sorafenib response and prognosis, respectively, in patients with HCC receiving sorafenib treatment. Previous studies reported that Child-Pugh score A patients with HCC receiving sorafenib treatment had longer OS and PFS than those with Child-Pugh score B patients [29] and that VWF:Ag was associated with prognosis in cirrhotic patients [30] . Furthermore, we previously reported that ADAMTS13:AC and VWF:Ag were associated with functional liver capacity [12, 13] and that ADAMTS13:AC was associated with prognosis in cirrhotic patients [6] . In other words, ADAMTS13:AC and VWF:Ag are useful biomarkers to evaluate functional liver capacity in detail for cirrhotic patients [6, 30] . As the result, the VWF:Ag/ADAMTS13:AC ratio and ADAMTS13:AC might be associated with sorafenib response and prognosis, respectively, in patients with HCC receiving sorafenib treatment.
A recent study reported that HCC patients with Barcelona Clinic Liver Cancer (BCLC) stage B receiving sorafenib treatment had longer OS than those with BCLC stage C [29] . The current study revealed that the VWF:Ag/ADAMTS13:AC ratio was associated with TNM stage in HCC. Furthermore, several studies reported that the VWF:Ag/ADAMTS13:AC ratio was associated with TNM stage and prognosis in various cancers [24, 31, 32] . The association of the VWF:Ag/ADAMTS13:AC ratio and ADAMTS13:AC with sorafenib response and prognosis, respectively, in patients with HCC receiving sorafenib treatment reflects that the ADAMTS13-VWF imbalance might be associated with tumor stage. Furthermore, this may be caused by blood coagulation cascade associated with cancer development [21, 22] because the ADAMTS13-VWF imbalance associated with blood coagulation cascade [11] . In addition, angiogenesis plays an important role in LC and HCC development, which are related to VEGF, as VEGF levels are increased in patients with LC and HCC [18] [19] [20] . Recent studies reported that VWF reduced VEGF-depend angiogenesis via multiple intracellular and extracellular pathways involving integrin avβ3 and angiopoietin-2 [14] [15] [16] and that ADAMTS13 induced angiogenesis by ADAMTS13-mediated cleavage of VWF and ADAMTS13-mediated VEGFR-2 phosphorylation, which lead to enhanced VEGF expression [17] . Randi et al [16] revealed the critical role of the balance between ADAMTS13 and VWF in regulating blood vessel formation. Furthermore, we observed that VWF:Ag was a predictive factor [8] and that the VWF:Ag/ADAMTS13:AC ratio was a diagnostic factor (unpublished observations) for HCC in cirrhotic patients. As sorafenib inhibits VEGF and the change in VEGF during sorafenib treatment is associated with the prognosis of patients with HCC receiving sorafenib treatment [4] , the VWF:Ag/ADAMTS13:AC ratio and ADAMTS13:AC might be associated sorafenib response and prognosis, respectively, in patients with HCC receiving sorafenib treatment, through angiogenesis. In fact, in the present study, we also found that the VWF:Ag/ADAMTS13:AC ratio and ADAMTS13:AC were associated with VEGF levels.
Furthermore, antiplatelet therapy inhibits PDGF, which induces HCC development [33] . Recent studies reported that antiplatelet therapy prevented HCC development in cirrhotic patients [34] and improved survival in a mouse model of chronic hepatitis B [33] . An imbalance between ADAMTS13 and VWF induces platelet thrombus formation [11] and thereby is possibly associated with PDGF. The association of the VWF:Ag/ADAMTS13:AC ratio and ADAMTS13:AC with sorafenib response and prognosis in patients with HCC receiving sorafenib treatment might be occurring via PDGF, which is inhibited by sorafenib and VEGF. The relationship of the ADAMTS13-VWF imbalance with angiogenic factors requires further investigation.
There are several promising candidate biomarkers for predicting sorafenib response and prognosis in patients with HCC receiving sorafenib treatment, including VEGF-A, angiopoietin-2, insulin-like growth factor-1, and neutrophil/lymphocyte ratio [29, 35] , most of which are not identified as biomarkers for these patients due to high costs and limited practicality in a clinical setting [29, 35] . In addition, while these biomarkers were reported as prognostic factors for OS in patients with HCC receiving sorafenib treatment, their relationship with PFS was not determined. Importantly, OS is affected by after-treatment. In fact, in the present study, several patients underwent TACE and/or hepatic arterial infusion chemotherapy using cisplatin. Therefore, we propose that PFS might be more important than OS for evaluating sorafenib treatment efficiency in patients with HCC in clinical setting. Because ADAMTS13:AC is a prognostic factor for OS and PFS in patients with HCC receiving sorafenib treatment, we believe that ADAMTS13:AC is a more useful biomarker than other biomarkers.
The present study has several limitations, including a short observation period and the small sample size. Cirrhotic patients with HCC occasionally develop thrombosis or inflammation, including portal thrombosis and bacterial overgrowth and translocation, which may impact the VWF:Ag/ADAMTS13:AC ratio and ADAMTS13:AC and impact their value as biomarkers. In addition, only 7.3% of patients were female (male: 38, female: 3). We believe that the difference in gender had no effects in our study because a previous study has reported that the relationships between ADAMTS13:AC and other parameters (e.g., albumin, total bilirubin, aspartate aminotransferase, alkaline phosphatase, and creatinine) are not associated with gender bias [36] . In summary, the VWF:Ag/ADAMTS13:AC ratio and ADAMTS13:AC, which were associated with VEGF, were independent predictive factors for sorafenib response and prognosis, respectively, in patients with HCC receiving sorafenib treatment. To our knowledge, this is the first report the ADAMTS13-VWF imbalance in association with sorafenib response and prognosis in patients with HCC receiving sorafenib treatment.
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ARTICLE HIGHLIGHTS
Research background
Sorafenib reportedly improves overall survival (OS) significantly in patients with HCC. Prediction of sorafenib response and prognosis in patients with HCC receiving sorafenib treatment are important due to the potentially serious side effects of sorafenib.
Research motivation
A disintegrin-like and metalloproteinase with thrombospondin type-1 motifs 13 (ADAMTS13) and von Willebrand factor (VWF) are associated with the pathophysiology of liver cirrhosis and HCC through their roles in hypercoagulability; they are also associated with angiogenesis via vascular endothelial growth factor (VEGF). The imbalance between ADAMTS13 and VWF was associated with prognosis of various cancers in patients undergoing chemotherapy.
Research objectives
To investigate ADAMTS13 and VWF as potential biomarkers for sorafenib response and prognosis in patients with HCC receiving sorafenib treatment.
Research methods
Forty-one patients with HCC receiving sorafenib treatment were included in this study. The initial daily sorafenib dose was 400 mg in all patients. ADAMTS13 activity (ADAMTS13:AC), VWF antigen (VWF:Ag), VEGF levels were determined by enzyme-linked immunosorbent assay. Univariate and multivariate analyses were used to determine predictive factors for sorafenib response and prognosis in patients with HCC receiving sorafenib treatment.
Research results
Multivariate analysis showed that the VWF:Ag/ADAMTS13:AC ratio was the only predictive factor for sorafenib response and ADAMTS13:AC was the only prognostic factor in patients with HCC receiving sorafenib treatment. The patients with a low ADAMTS13:AC (< 78.0) had significantly higher VEGF levels than those with a high ADAMTS13:AC (≥ 78.0) (P < 0.05).
Research conclusions
The VWF:Ag/ADAMTS13:AC ratio and ADAMTS13:AC are potentially useful biomarkers for sorafenib response and prognosis, respectively, in patients with HCC receiving sorafenib treatment.
